. Understanding the mechanisms of intramolecular inhibition requires the study of DNA-binding modules within their native structural contexts rather than in isolation.
. Quantitative studies of deletion mutants indicate that inhibition requires both regions (13) . To examine the structural basis for inhibition, we analyzed repressed (AN280) and activated Binding isotherms for zAN280 (-) and AN331 (D). The fraction of DNA bound at each protein concentration was calculated from mobility shift assays. Data points are the average (+SD) of three independent titrations. SCIENCE * VOL. 269 * 29 SEPTEMBER 1995 (AN331) forms of (Fig. 1A) . AN331 is the minimal fragment that retains both high solubility during bacterial expression and high-affinity DNA binding. AN280 shows characteristics of a structural domain and retains low-affinity binding because both NH2-terminal and COOH-terminal inhibitory regions are present (13, 14) . Both polypeptides were expressed in bacteria and purified protein was used in all studies (15) . To measure the extent of inhibition, we determined the equilibrium dissociation constants (Kd) of AN331 (3.1 X 10-11 M) and AN280 (4.4 x 10-10 M) (Fig. 1 B) . The binding affinities of AN280 and AN331 for a sequence-specific 21-base pair binding site differed by a factor of 15 (16) . This lower affinity is similar to that of full-length Ets-1 (13) . Thus, AN280 retains the inhibitory function of native Ets-1.
The structural origins of DNA-binding inhibition were first investigated by circular dichroism (CD) spectroscopy (17). The CD spectra of AN331, the fragment that lacks inhibitory function (Fig. 1A) , showed no change between 205 and 225 nm upon sequence-specific DNA binding ( Fig. 2A) . These results suggest that the wHTH motif of Ets-1 assumes the same secondary structure in the bound and free states. This picture is consistent with nuclear magnetic resonance (NMR)-based structures of the ETS domain proteins Fli-1 and Ets-1 that were determined in the presence and the absence of DNA, respectively (5) . The change in the CD spectra observed between 250 and 295 nm (Fig. 2, A and B) corresponds to a protein-induced alteration of the DNA structure (18).
Analysis of AN280, the fragment that contains both inhibitory regions (Fig. lA) , provided evidence for the unfolding of the NH2-terminal inhibitory region upon DNA binding. Addition of DNA to AN280 caused a decrease in protein molar ellipticity between 205 and 225 nm (Fig. 2B ), which suggests a loss of (x-helical secondary structure. This difference cannot be attributed to a change in DNA that is induced by AN280 but not by AN331, because comparison of the DNA spectra (between 250 and 295 nm) in the presence of AN280 or AN331 showed identical ellipticity values (Fig. 2E ) (19). In addition, AN280 and AN331 make identical contacts to the DNA (20). Because there was no difference in ellipticity between bound and free AN331 ( Fig. 2A) , the simplest explanation for the decrease in ,AN280 ellipticity (between 205 and 225 nm) is the loss of x-helical structure in the NH2-terminal flanking region.
We used partial proteolysis combined with NH2-terminal sequencing to further define the conformational changes within the Ets-1 polypeptides and to map the region that undergoes a structural transition. SCIENCE * VOL. 269 * 29 SEPTEMBER 1995 age products (Fig. 3A) showed that trypsin cleaved after residues Arg309 and Arg311 whereas chymotrypsin cleaved after residues Phe304 and Tyr307 (22). These cleavage sites all lie within the NH2-terminal inhibitory region. Thus, the conformational change was localized to the NH2-terminal inhibitory sequences rather than the DNA-binding domain or the COOH-terminal region. These findings are consistent with the CD analyses that suggested that the sequences present in AN280, but not those in AN331, undergo a loss of ax-helical structure upon DNA binding.
Similar experiments were used to examine structural changes induced by protein binding to a DNA duplex that lacks an Ets-1 binding site (23). Nonspecific DNA added at the same concentration as specific DNA caused only a modest increase in the protease sensitivity of AN280 (Fig. 3C ). Under these conditions, and assuming an affinity (Kd) in the micromolar range (24), only -35% of the protein would be bound to DNA. However, nonspecific DNA added at concentrations sufficient to ensure 99% protein occupancy converted all of the AN280 to the proteolysis-sensitive form (25) . CD analyses performed in the presence of nonspecific DNA provided similar results; AN280 exhibited a decrease in ellipticity that was proportional to the fraction of protein bound to DNA (Fig. 2D ) (17). These results indicated that both specific and nonspecific DNA can stabilize an altered conformation of the NH2-terminal inhibitory region of AN280. Nonspecific DNA binding had no effect on the structure of AN331 in either assay (Figs. 2C and 3B) .
The inhibitory region of AN280 that becomes hypersensitive to proteolytic cleavage in the presence of DNA spans residues 304 to 311. NMR analysis of AN280 indicates that this region (residues 303 to 310) forms an al helix in the free protein (26) . In the presence of DNA, almost all potential trypsin and chymotrypsin sites in this region became accessible to cleavage (Fig. 3A) (Fig. 4) , the NH2-terminal inhibitory region makes intramolecular contacts with the COOH-terminal inhibitory region and the ETS domain in the absence of DNA (27) . In support of this proposal, NMR studies and modeling of the secondary structure elements of AN280 suggest that the two helices within the NH2-terminal inhibitory region interact directly with the first helix in the ETS domain and the helix in the COOH-terminal inhibitory region, possibly forming a four-helix bundle (26) Ets-1 structure and function. In the absence of DNA, the NH2-terminal inhibitory region interacts with the ETS domain and the COOH-terminal inhibitory sequences through intramolecular contacts (26, 27) . The unfolding of an a helix within the inhibitory region accompanies DNA binding and transiently relieves inhibition. The unfolding of the inhibitory region could also expose a putative protein-protein interaction domain. This altered conformation could be stabilized by a protein partner such that the ETS domain of Ets-1 attains highaffinity interactions with DNA. 1868 change. Consequently, sampling of the derepressed conformation can precede specific site recognition. Our results also are distinct from structural and biophysical analyses of specific DNA-protein interactions that implicate local folding as a key to site-specific DNA recognition (29, 30) . Although many DNA-binding proteins fold upon contact with DNA, our findings provide evidence that the inhibitory region of Ets-1 unfolds upon DNA binding (31) . This unfolding represents a distinct mechanism for regulating transcription factor activity. Autoinhibitory domains also have been described in kinases, phosphatases, and a calmodulin-dependent Ca2+ pump (32) . Allosterically induced conformational change has been implicated in the derepression of these proteins. Our study of (2 x 10-12 M) to ensure that free protein was approximately equal to total protein. 17. All spectra were collected in 50 mM KPO4 (pH 7.9), 65 mM KCI, and 0.1 mM EDTA at 4°C on an AVIV 62DS spectrophotometer. All spectra were recorded in a double-chamber mixing cuvette (Hellma, path length 0.874 cm) as follows: First, protein only was added to a single chamber and the spectrum was recorded. Then, DNA (16, 23) was added to the second chamber and a spectrum of the unmixed protein and DNA was recorded. Finally, the cuvette was inverted to mix protein and DNA samples and a final spectrum was recorded. To derive protein-only spectra in the presence of DNA (Fig. 2, A through D) , we subtracted the free DNA spectra (derived from the unmixed protein and DNA spectra) from the mixed protein-DNA spectra. To obtain DNA-only spectra (Fig. 2E) , we subtracted the free protein spectra from the mixed spectra. After each CD spectrum was recorded, samples were left in the mixing cuvette and checked for aggregation as detected by ultraviolet light scattering. The protein concentration was determined before and after addition of DNA by Bradford assay (Bio-Rad) to check for precipitation; neither aggregation nor precipitation was observed. Data were collected in 0. (Fig.   2, A and B) . On the basis of a Kd for nonspecific DNA binding in the 10-4 to 10-6 M range (24), the protein occupancy was estimated to be 36% for AN331 and 27% for AN280 (Fig. 2, C and D contributions to their CD spectra in this region (Fig. 2, A through D). In contrast, specific DNA shows a strong CD signal in this region (Fig. 2E) (2) (3) (4) (5) . LPG is experimentally attractive because its biosynthesis can be studied in vitro and lpg-mutants can be readily generated (6) (7) (8) 29 SEPTEMBER 1995 can core (9, 10) . LPG1 thus represents a class of genes (class I) encoding LPG biosynthetic enzymes. Here, we report a second class of LPG mutants that affect compartmentalization and LPG assembly. These genes are functionally distinct from those affecting protein secretion and glycosylation.
The mutant C3PO synthesizes a truncated LPG containing only the glycan core and lipid anchor and lacking repeating units (8, 11) . A wild-type L. donovani cosmid library in the shuttle vector cLHYG was introduced into C3PO, and LPG' transfectants were recovered by antibody panning (9, 10, 12) . From (13) . N, Not l; R, Eco RV; H, Hind Ill;
S, Spe I.
